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TITLE: HIGH PERFORMANCE STORAGE ARRAY INTERCONNECTION FABRIC USING 
MULTIPLE INDEPENDENT PATHS 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

This invention relates to data storage systems and, more particularly, to storage array interconnection 
topologies. 

2. Description of the Related Art 

Computer systems are placing an ever-increasing demand on data storage systems. In many of the data 
storage systems in use today, data storage arrays are used. The interconnection solutions for many large storage 
arrays are based on bus architectures, such as small computer system interconnect (SCSI) or fibre channel (FC). In 
these architectures, multiple storage devices such as disks, may share a single set of wires, or a loop in the case of 
FC, for data transfers. 

Such architectures may be limited in terms of performance and fault tolerance. Since all the devices share a 
common set of wires, only one data transfer may take place at any given time, regardless of whether or not all the 
devices have-data ready for transfer. Also, if a storage device fails, it may be possible for that device to render the 
remaining devices inaccessible by corrupting the bus. Additionally, in systems that use a single controller on each 
bus, a controller failure may leave all the devices on its bus inaccessible. 

There are several existing solutions available, which are briefly described below. One solution is to divide 
the devices into multiple subsets utilizing multiple independent buses for added performance. Another solution 
suggests connecting dual buses and controllers to each device to provide path fail-over capability, as in a dual loop 
FC architecture. An additional solution may have multiple controllers connected to each bus, thus providing a 

controller fail-over mechanism. - 

In a large storage array, component failures may be expected to be fairly frequent. Because of the higher 
number of components in a system, the probability that a component will fail at any given time is higher, and 
accordingly, the mean time between failures (MTBF) for the system is lower. However, the above conventional 
solutions may not be adequate for such a system. To illustrate, in the first solution described above, the independent 
buses may ease the bandwidth constraint to some degree, but the devices on each bus may still be vulnerable to a 
single controller failure or a bus failure. In the second solution, a single malfunctioning device may still potentially 
render all of the buses connected to it, and possibly the rest of the system, inaccessible. This same failure 
mechanism may also affect the third solution, since the presence of two controllers does not prevent the case where a 
single device failure may force the bus to some random state. 

SUMMARY 

Various embodiments of a high performance storage array interconnection fabric using multiple 
mdependent paths are disclosed. In one embodiment, a storage system including a plurality of communication paths 
configured for connecting each node of a plurality of nodes forming an interconnection tabnc is disclosed. Each of 
the communications paths is an independent communications path. In addition, a first portion of the plurality of 
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nodes is configured to communicate with a plurality of mass storage devices such as disk drives. In other 
embodiments, the mass storage devices may be random access memories configured as cache memories or tape 
drives. A second portion of the plurality of nodes may be configured to communicate with a host. 

In some embodiments, each node of the plurality of nodes may be configured to communicate with each 
other" node of the plurality of nodes by routing messages bi-directionally. In an alterative embodiment, each node of 
the plurality of nodes is configured to cornmunicate with each other node of the plurality of nodes by routing 
messages uni-directionally. 

In another embodiment, a method of mterconnecting a plurality of nodes is recited. In one embodiment, 
each node is connected to each other node using a plurality of communications paths. The communications paths 
and the nodes form an interconnection fabric. Each of the cornmunications paths is an independent communications 
path. Additionally, a first portion of the plurality of nodes is configured to communicate with a plurality of mass 
storage devices. 

In an embodiment, a method for routing cohTiriunications within a storage system comprising a plurality of 
nodes interconnected by an interconnection fabric is recited. In one" embodiment, a communication from a source 
node is sent to a destination node using a first communication path. A failure in the first communication path may 
be detected. The communication from the 'source node may be resent to the destination node using a second 
communication path, which is independent from the first communication path. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram of one embodiment of ah interconnection fabric using multiple independent paths; 
FIG. 2 is a block diagram a node of an interconnection fabric, according to one embodiment; 
FIG. 3 A is a diagram of one embodiment of a torus interconnection fabric; 

FIG. 3B is a diagram of one embodiment of a node configuration of a torus interconnection topology; 

FIG. 4 is a diagram iUustrating multiple independent paths between nodes in a system having a plurality of 
nodes connected by a multiple independent path interconnection fabric, according to an embodiment; 

FIG. 5 is a flow diagram of a method for routing communications between nodes in a multiple independent 
interconnection fabric, according to an embodiment; 

FIG. 6 is a flow diagram of another method for routing communications between nodes in a multiple 
independent interconnection fabric, according to an embodiment; 

FIG. 7 is a flow diagram of another method for routing communications between nodes in a multiple 
independent interconnection fabric, according to an embodiment; 

FIG. 8 A is a diagram of one embodiment of a hypercube interconnection fabric; 

FIG. 8B is a diagram of another embodiment of a hypercube interconnection fabric; 

FIG. 9 is a diagram of an embodiment of a multiple path butterfly interconnection fabric; 

FIG. 10 is a diagram of one embodiment of a complete graph interconnection fabric; 

FIG. 1 1 is a diagram of one embodiment of a hex network interconnection fabric; and 

FIG. 12 is a diagram of one embodiment of a fat tree interconnection fabric. 

While the invention is susceptible to various modifications and alternative forms, specific embodiments 
thereof are shown by way of example in the drawings and will herein be described in detail. It should be 
understood, however, that the drawings and detailed description thereto are not intended to limit the invention to the 
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particular form disclosed, but on the contrary, the intention is to cover all modifications, equivalents and alternatives 
falling within the spirit and scope of the present invention as defined by the appended claims. 

DETAILED DESCRIPTION OF EMBODIMENTS 
5 Turning now to FIG. 1, a diagram of one embodiment of an interconnection fabric using multiple 

independent paths is shown. An interconnection fabric 100 is shown with several nodes. Each node may support 
one or more different types of devices in a storage system. The nodes are labeled with the letters C, H. M, R and S. 
A node with the letter C. means the node may be configured to support a controller such as a Redundant Array of 
Inexpensive Disks (RAID) controller. A node with the letter H means the node may be configured with a host 

10 interface or line card that may serve as an interface to a host computer. A node with the letter R means the node 
may be configured as a routing node and merely expands the communication paths available between other nodes. 
A node with the letter S means the node may be configured as a mass storage node and may be connected to one or 
more mass storage devices, such as hard disk drives. A node with the letter M means the node may be configured as 
a storage cache memory node that provides, for example, a hierarchical storage cache for one or more mass storage 

15 nodes. Also,, nodes may support any combination of these features. It is noted that while the nodes are configured 
and labeled in the embodiment of FIG. .1, this is only an exemplary drawing. In other embodiments, there may be 
other configurations that have a fewer or greater number of nodes and the nodes, may be configured and used 
differently. For example, there may be a fewer or greater number of S nodes and a fewer or greater nurnbeT of H 
nodes. ...... 

20 Generally speaking, each node may be connected to each other node in the fabric by multiple 

communication paths (not shown in Fig. 1). The communication paths form the fabric such that each 
■communication path may be completely independent of each other path. Therefore, each node may have multiple 
possible paths to use when communicating with another node. Multiple independent paths may allow a source node 
and a destination node to continue communicating with each other even if one- or more cornmunications paths or 

25 nodes between the source and destination nodes becomes inoperative. The interconnect fabric may be a point-to- 
point interconnect between each node, in which multiple independent paths exist between a source node and a 
destination node. In one embodiment, every node has multiple independent paths to communicate with every other 
node. The path independence of the fabric may allow a node or a path to fail or experience adverse conditions (e.g. 
congestion) without affecting any other node or path. 

30 The figures that follow will describe an embodiment of a node of interconnection fabric 100 and some 

exemplary diagrams of possible forms that interconnection fabric 1 00 may take. 

Turning now to FIG. 2, a block diagram of one embodiment of a node of the interconnection fabric of FIG. 
1 is shown. In FIG. 2, a node 200 includes a routing unit 205 coupled to an interface controller 210. Routing unit 
205 may be configured to communicate through multiple ports. In one particular embodiment,. there may be four 

35 ports and the ports may be bi-directional. Thus, routing unit 205 may communicate with four neighboring nodes 
allowing four independent routing paths. In one alternative embodiment, routing unit 205 may be configured with 
four uni-directional ports: two inputs and two outputs. The choice between using bi-directional and um-directional 
ports may be influenced by competing factors. The unidirectional design may be simpler, but it may only tolerate a 
single failure of a neighboring node. The bi-directional design tolerates more failures but may require a more 

40 complex routing unit 205. The size of the storage system array may be a deter minin g factor, since for a very large 
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number of storage devices, a three-fault tolerant bi-directional fabric may become desirable to attain a reasonably 
low MTBF. 

In addition to the nodes communicating with other nodes, in one embodiment, interface controller 210 may 
be configured to communicate with one. or more disk drives 220. In another embodiment, interface controller 210 
5 may be configured to communicate with one or more random access memories 230, such as a hierarchical storage 
cache memory or other type of memory and a memory controller. In yet another embodiment, interface controller 
210 may be configured to communicate with a host or a RAID controller through a communication port, such as a 
peripheral component interface (PCI) bus. It is also, contemplated that interface controller 210 may have all of these 
functions or any combination of the above described functions. For example, interface controller 210 may be 

10 configurable for selecting between any one of the different types of interfaces described above. Thus, the ability to 
communicate with and/or control storage devices and communicate to hosts in an interconnection fabric may 
advantageously increase the reliability, performance and flexibility of large storage systems. 

It is further contemplated that interface controller 210 may not have any devices attached. In such an 
embodiment, node 200 may simply connect to neighbors through routing port 205/ Thus, node 200 may be used in 

15 the interconnection fabric of FIG. 1 to increase the number of possible communications paths available. Therefore, 
some nodes may be unpopulated with storage or other devices, and used as a routing node to increase the number of 
paths in the interconnection fabric. Although it is -contemplated that the above described node embodiments may be 
used in the following figures when nodes are. discussed, there may be other embodiments of the nodes which are 
modifications of me above described node embodiments^ 

20 Referring to FIG. 3 A, a diagram of one embodiment of a torus interconnection fabric is shown. A torus 

fabric 400 may be employed as the interconnection fabric depicted in FIG. 1 . In FIG. 3 A; torus fabric 400 uses a 
two-dimensional (2-D) array topology with the beginning nodes of each row and column connected to the respective 
endpoints of each row and column. For example, if the 2-D array is an N by M array, where N and M are both 
positive integers, then the first node in row one would be connected to the last node in row one, in addition to all the 

25 other nodes neighboring the first node. Likewise, from a column perspective, the top node in column one is 
connected to the bottom node in column one in addition to all the other nodes neighboring the top node. The 
rema inin g nodes are connected in similar fashion such that every node in the fabric of torus 400 is connected to its 
four neighboring four nodes. It is noted that torus 400 is shown as a flat two-dimensional array with longer 
connections between the endpoints. These may be logical connections, and the physical layout of the nodes may be 

30 different For example, each row may be physically oriented in the shape of a ring, such that the distance from the 
last node to the first node may be nearly the same as the distance between all the other nodes and likewise for the 
columns. 

The level of interconnection described above for a torus interconnect fabric means that in one embodiment 
each node may have four ports with which to communicate to the other nodes. In one ernbodiment, each of the four 
35 ports is a bi-directional port, thus allowing both inputs and outputs from each neighbor. In an alternative 
embodiment, each of the four ports is a uni-directional port, thus* allowing two inputs and two outputs. Thus, torus 
400 may provide an interconnection fabric with multiple independent paths for a storage device system 

.Although the above torus 400 is described using a mo-dimensional array, it is contemplated that this same 
fabric may be extended'to include a multi-drmensional array beyond two dimensions (not shown). One embodiment 



4 



WO 02/50682 



PCT/US01/47SV1 



of a three dimensional array may include several rwo-dimensional arrays "stacked" or layered such that each node 
now has six neighboring nodes instead of four and each layer is connected together using the two additional ports. 

In an additional embodiment, torus 400 may be reduced to a mesh (not shown). A mesh, like torus 400, 
may be logically arranged in either a 2D or 3D array. However a mesh does not have the wrap around connections 
5 that the torus has, which connect the row and column endpoints together. Although the mesh does have multiple 
independent paths with which the nodes may communicate, not all the nodes have the same number of multiple 
independent paths. 

Referring now.to FIG. 3B, a diagram of one embodiment of a node configuration of a torus interconnection 
• topology is shown. The torus topology 400 of FIG. 3 A is shown here with some of the interconnections not shown 
10 for clarity. In torus 400 of FIG. 3B, a portion of the nodes is -shown comprising storage devices, such as storage 
devices 420. In one embodiment, storage. devices 420 may be disk drives. Another portion of the nodes are shown 
with host blocks in them, such as host 4 10: Host 410 may be a host communication port or line card. Other nodes, 
such as router node 630, may include* a routing unit to expand the interconnect paths but may not include a device 
such as a disk drive or host interface. Thus, a storage system may include a plurality of nodes connected together by 
15 an interconnect fabric such as a torus fabric. The. interconnect fabric may provide multiple independent point-to- 
point communication paths between nodes sending communications and nodes receiving the communications. A 
portion of the. node may include mass.v storage devices such as hard drives. Other nodes may include storage 
controllers or host .interfaces. In general^ a .-mass storage system may be; provide by the plurality of nodes and 
interconnect paths. The multiple independent paths between nodes may provide fail-over redundancy and/or 
20 ' increased bandwidth for communications, between source and destination nodes. As mentioned above, many large 
storage systems use a large number of disks. To reduce costs, inexpensive and smaller disks may be used. 
■ However, since more disks may .increase the failure rate, a highly redundant interconnection fabric, such as torus 
400 may be used to provide a reliable overall-. system. For .example, a storage controller node may send a write 
command and write data Xo a storage node having one or more hard drives. If the first path chosen, for the write 
25 command fails, the command may be resent on a second path. 

Additionally^ the multiple paths of the torus interconnect allow for multiple parallel communications and/or 
disk operations that may be initiated over different paths, thereby possibly increasing the bandwidth and 
performance of the storage system. In a torus storage system with multiple controllers/host attachments, many 
parallel paths may exist between the hosts and the disks. Thus, many disk operations may be issued at the same 
30 time, and man y data transfers may take place concurrently over the independent paths. This concurrency may 
provide a peiformance advantage and more scalability over bus-based architectures in which multiple devices must 
take turns using the same wires/fibre. 

It is noted that other embodiments may use fewer or more storage devices 420 and fewer or more host 410 
nodes to facilitate cost and performance tradeoffs. In addition, and as mentioned above, it is contemplated that 
35 some nodes may be configured to communicate with RAID controllers, and/or storage cache memory. 

The torus fabric is just one example of a multiple path independent interconnect that may provide improved 
reliability and performance, as described above. Other examples are described below. 

Turning now to .FIG. 4 a plurality of nodes connected by an interconnection fabric using multiple 
independent paths is illustrated. No particular interconnect fabric scheme is shown since various different multiple 
40 independent path interconnects may be employed. In one embodiment, the nodes are connected by a torus fabric. 
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FIG. 4 shows one possible combination of four independent paths from source node S to destination D. Many other 
combinations of such redundant paths are possible. Note that each path may traverse multiple intermediate nodes 
between the source and destination. 

Referring now to FIG. 4 and FIG. 5 together, a method is illustrated for routing communications within a 
multiple independent path interconnect fabric. A new communication may begin at source node S, as indicated at 
560. To communicate with destination node D, source node S may attempt to use path 1, as indicated at 562. If the 
attempt succeeds, the communication event is completed, as indicated at 564 and 582. The attempt may fail due to 
various conditions- in the path, including a failure in an intermediate node, congestion etc. If the attempt fails, the 
source node S retries the communication through path 2, as indicated at 564 and 566. If that also fails, source node 
S tries path 3, as indicated at 568 and 570, and the if that fails too, path 4 may be tried, as indicated at 572 and 574. 
After all of the paths have been tried without success, the source node S may optionally decide to return to path 1 
and repeat the entire procedure again, as indicated at 578. In one embodiment, if the failure persists after some 
number of such repeated attempts, the source node may declare the destination node unreachable, and fail the 
operation completely, as indicated at 580. - : ■' - 

FIG. 6 shows another -approach for routing communications within a multiple independent path 
interconnect fabric. A cornmunication may begin at source node S, as indicated at 660. Instead of sequentially 
trying path 1 through 4 (e:g., as in FIG.' 5), the source node S may choose randomly from the possible paths 1 
through 4, as indicated at 662. Source node S may retry until the operation is successful, as indicated at 664 and 
670, or until the threshold is exceeded, upon which the destination is declared unreachable, as indicated at 666 and 
668. Other path selection algorithms are also contemplated, such as a scheme in which paths are chosen by the 
source node according to a weighted preference assigned to each independent path from the source node to the 
destination node. 

In the embodiments described in regard to FIG. 5 and FIG. 6, the intermediate nodes (e.g. those making up 
the path from S to D) may not make any decisions regarding what paths to try. In some embodiments* the 
intermediate nodes do not have complete knowledge of the path. For example, an intermediate node may only know 
that some message or communication came in from one of its input ports, requesting to go out a specified one of its 
four output ports. The intermediate nodes may simply attempt to pass along the message or communication from the 
input port to the requested output port. If the attempt succeeds, the communication/message progresses to the next 
node, until the message reaches its destination, upon which the message is delivered to the target device. Otherwise, 
the path may considered bad or congested, etc; This condition may be signaled back to the source (e.g. with the 
cooperation of upstream intermediate nodes in the path). This path failure notification may prompt the source to. 
select another path for the retry, e.g. according to the methods shown in FIG. 5 or FIG. 6, or other alternatives. 

Turning now to FIG. 7, a method is illustrated for routing corrimunications within an interconnect fabric 
between nodes in which intermediate nodes may chose alternate paths upon detection of failures or adverse routing 
conditions. As used herein, an adverse routing condition may be any of various conditions that may cause slow or 
unreliable communications. An example of an adverse routing condition may therefore be a particularly congested 
path or a path with transmission errors. As used herein, a failure may or may not be a hard failure. For example, a 
failure may be declared if a path has an adverse routing condition for an extended period. 

A cornmunication may be sent from a source node to a destination node on a first communication path-as 
indicated at 300. A failure may or may not be detected on the first communication path from the source node as 
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indicated at 302. If no failure is detected the communication continues on to the next node* as indicated at 3 16. If a 
failure is detected the communication may be resent on a second communication path as indicated at 304. Since the 
i nterconn ect fabric described above may provide multiple independent communication paths from each node, in one 
embodiment, this procedure may be repeated in case the second communication path and a third communication 
path fails as indicated at 306 through 314. If a fourth comrm in i cation path fails then an error may be declared. 
Assuming that at least one path from the source node was working, the communication continues to the next node as 
indicated at 316. If the next node is a destination node then the routing process is complete as indicated at 3 IS, 
otherwise the routing procedure may be repeated for- the next node. Alternatively, in the event that a failure is 
detected at 302, 306 and 310, a message or signal may be sent back to. the source node indicating the failure and the 
source node may then choose an alternate path. It is -noted that while this embodiment describes four paths, other 
embodiments may have a fewer or greater number of independent paths between each node. 

Turning now to FIG. SA, a diagram of one embodiment of a hypercube interconnection fabric is shown. A 
hypercube 500 may be employed as the interconnection fabric depicted in FIG. 1. In FIG. 8 A, hypercube 500 has 8 
nodes. Each node in hypercube 500 is connected to 3 neighboring nodes by three independent communications 
paths. Similar to the interconnection fabric shown in FIG. 1 and the torus interconnection fabric of FIG. 3 A and 
FIG. 3B, the nodes of hypercube 500 of FIG. 8A may also be configured to control or be connected to devices such 
as hard disks, cache memories, RAID controllers and host corrirnunications interfaces. 

In general, a hypercube may be thought of as a structure with 2 to the power of n nodes. Hypercube 500 
maybe created, for example, by starting .with, a rectangle containing four nodes (e.g. a 22 hypercube). To expand 
the structure, the 4 nodes are duplicated and-connected to the existing 4 nodes fonning hypercube 500, .which is a 23 
hypercube. The nodes in the duplicated structure are connected to the nodes in the existing structure .that are in the 
same location in the structure. Additionally, the value of the exponent 'n' may also identify the number of 
independent paths connected to each node. , 

Thus, if a node or communication path fails, another path may be used to communicate. For example, node 
A of FIG. 8 A is cornmunicating with node D via a communication path 510. In the event that co mmuni cation path 
5 10 is detected as a failing path, an alternate path may be used. For example, the communication may be rerouted 
through the path including communication path 511, node B, communication path 512, node C and communication 
path 513. 

Referring to FIG. SB, a diagram of another embodiment of a hypercube interconnection fabric is shown. A 
hypercube 550 may be employed as. the interconnection fabric depicted in FIG. 1. In FIG. SB, hypercube 550 has 
16 nodes. Hypercube 550 is an example of a 24 hypercube. Each node in hypercube 550 is connected to 4 
neighboring nodes by 4 independent communications paths. Thus hypercube 550 is also an interconnection fabric 
with multiple independent communication paths. Similar to the hypercube described in FIG. SA, the nodes of 
hypercube 550 of FIG. SB may also be configured to control or be connected to devices such as hard disks, cache 
memories, RAID controllers and host comrrnmications interfaces. 

Hypercube 550 may be constructed by duplicating the 23 hypercube in FIG. 8 A. Each node in the original 
structure is connected to each node in the duplicated structure that is in the same location in the hypercube. For 
example, node A in FIG. SB is connected to node I and node B is connected to node J and so on for the re m a inin g 
nodes. 
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-'■'■* Additionally, the multiple paths of hypercube 500 of FIG. 8A and hypercube 550 of FIG. SB may allow for 
multiple parallel communications and/or disk operations that may be initiated over different paths, thereby possibly 
increasing the bandwidth and performance of the storage system. In a hypercube storage system with multiple 
controllers/host attachments, many parallel paths may exist between the hosts and the disks. Thus, many disk 
5 operations may be issued at the same time, and many data transfers may take place concurrently over the 
independent paths. This concurrency may provide a performance advantage and more scalability over bus-based 
architectures in which multiple devices must take turns using the same wires/fibre. 

Referring to FIG. 9, a 'diagram of an embodiment of a multiple path butterfly interconnection fabric is 
shown. A butterfly interconnection fabric 650 inay be employed as the interconnection fabric depicted in FIG. 1. 
10 Butterfly interconnection fabric 650 includes nodes 610 and switches 620, which are interconnected via multiple 
communications paths. Sixnilar to the interconnection fabric shown in FIG. 1 and the torus interconnection fabric of 
FIG. 3 A and FIG. 3B and the hypercubes of FIG. 8 A and FIG. SB, nodes 610 and switches 620 of butterfly fabric 
650 may communicate over multiple independent paths. Likewise, the nodes of butterfly 650 of FIG. 9 may also be 
configured to control or be connected to devices such as hard disks, cache memories, RAID controllers and host 
15 communications interfaces. 

Butterfly interconnection fabric 650 may be referred to as a 2-path 8-node butterfly. In other embodiments, 
butterfly interconnection fabric 650 may be expanded into a Benes network (not shown), which is two back-to-back 
butterflies. 

Additionally, the multiple paths of butterfly 650 of FIG. 9 may allow for multiple parallel communications 

20 and/or disk operations that may be initiated over different paths, thereby possibly increasing the bandwidth and 
performance of the storage system. In a butterfly storage system with multiple controllers/host attachments, many 
parallel paths may exist between the hosts and the disks. Thus, many disk operations may be issued at the same 
time, and many data transfers may take place concurrently over the independent paths. This concurrency may 
provide a performance advantage and more scalability over bus-based architectures in which multiple devices must 

25 take turns using the same wires/fibre. 

Turning to FIG. 1 0, a diagram of one embodiment of a complete graph interconnection fabric is shown- A 
complete graph interconnection fabric 700 may be employed as the interconnection fabric depicted in FIG. 1. In 
FIG. 10, complete graph interconnection fabric 700 includes nodes coupled together by multiple independent 
communications paths. Similar to the interconnection fabrics described in the above FIGs., the nodes of complete 

30 graph interconnection fabric 700 of FIG. 10 may also be configured to control or be connected to devices such as 
hard disks, cache memories, RAID controllers and host communications interfaces. 

Referring to FIG. 11, a diagram of one embodiment of a hex network interconnection fabric is shown. A 
hex interconnection fabric 800 may be employed as the interconnection fabric depicted in FIG. 1. In FIG. 11, hex 
interconnection fabric 800 includes nodes interconnected by multiple independent cornmunications paths. Similar to 

35 the interconnection fabrics described in the above FIGs., the nodes of hex interconnection fabric 800 of FIG. 1 1 may 
also be configured to control or be connected to devices such as hard disks, cache memories, RAID controllers and 
host communications interfaces. 

Turning now to FIG. 12, a diagram of one embodiment of a fat tree interconnection fabric is shown. A fat 
tree interconnection fabric 900 may be employed as the interconnection fabric depicted in FIG. 1. The fat tree 

40 interconnection fabric 900 of FIG. 12 includes nodes interconnected by multiple independent communications paths. 
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Similar to the interconnection fabrics described in the above FIGs., the nodes of fat tree interconnection fabric 900 
of FIG. 12 may also be configured to control or be connected to devices such as hard disks, cache memories, RAID 
controllers and host communications interfaces. 

Additionally, the multiple paths of the interconnection fabrics described in FIG. 10, FIG. 11 and FIG. 12 
5 may allow for multiple parallel communications and/or disk operations that may be initiated over different paths, 
thereby possibly increasing the bandwidth and performance of the storage system. In a storage system with multiple 
controllers/host attachments, such as those described above, many parallel paths may exist between the hosts and the 
disks. Thus, many disk operations may be issued at the same time, and many data transfers may take place 
concurrently over the independent paths. This concurrency may provide a performance advantage and more 
10 scalability over bus-based architectures in which multiple, devices must take turns using the same wires/fibre. 

Numerous variations and modifications will become apparent to those skilled in the art once the above 
disclosure is fully appreciated. It is intended that the following claims be interpreted to embrace all such variations 
and modifications. . . 
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WHAT IS CLAIMED IS: 

1 . A storage system comprising: 
a plurality of nodes; 

one or more mass storage devices connected to each one of a first portion of said plurality of nodes respectively; and 
an interconnection fabric configured for connecting each- one of said plurality of nodes to every other one of said 
plurality of nodes; 

wherein the interconnection fabric comprises a plurality of point-to-point connections between said plurality of 
nodes, wherein said interconnection fabric is configured to provide a plurality of independent 
communication paths between each one of said plurality of nodes to every other one of said plurality of 
nodes. - " 

2. The storage system as recited- in claim' I, -wherein each node is configured to communicate with each other 
node by routing messages bi-directionally. 

3. The storage system as recited in claim 1, wherein said mass storage devices comprise disk drives. 

4. The storage system as recited in claim 1, wherein said mass storage devices comprise random access 
memories configured as storage cache. ' - 

5. The storage system as recited in claim 1, wherein said mass storage devices comprise tape drives. 

6. The storage system as recited in claim 1, wherein said mass storage devices comprise optical storage 
drives. 

7. The storage system as recited in claim 1, wherein each node is configured to communicate with each other 
node by routing messages um-directionally. ... 

3. The storage system as recited in claim 1, wherein a second portion of said plurality of nodes is configured 

to communicate with one or more host computers. 

9. A method of interconnecting a plurality of nodes in a storage system, said method comprising: 

connecting each node to each other node using a plurality of point-to-point connections; 
forming an interconnection fabric comprising the nodes and said point-to-point connections; 

a source node sending a first message to a destination node over a first communication path in said interconnection 

fabric; '■ 
said source node sending a second message to said destination node over a second co mmuni cation path in said 

interconnection fabric, wherein said second communication path is independent from said first 

communication path; 

said destination node interfacing to a mass storage device to respond to said first and second co mmun ications. 

10 
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10. The method as recited in claim 9 further comprising nodes on said first and second comrnunication path 
routing messages bi-directionally. 

1 1 . The method as recited in claim 9, wherein said mass storage devices comprise disk drives. 

12. The method as recited in claim 9, wherein said mass storage devices comprise tape drives. 

13. The method as recited in claim 9, wherein said mass storage devices comprise optical storage drives. 

14. The method as recited in claim 9, wherein said storage : devices comprise random access memories 
configured as cache memories for caching data stored in one or more mass storage devices. 

15. The method as recited in claim J? further comprising said source node interfacing to a host 

15 16. The method as recited in claim 9 further comprising nodes on said first and second communication path 
routing messages uni-directionally. • 

17. A method for routing cornmunications within a storage -system comprising a plurality of nodes 
interconnected by an interconnection fabric, the method comprising; 

sending a communication from a source node to a destination node using a first communication path comprising one 
or more point-to-point connections between said source node, any intervening nodes, and said destination 
node; 

detecting a failure in said first c ommi mi cation-path; and 

resending said communication from said source node to said destination node using a second communication path 
which is independent from said first communication path, wherein said second communication path 
comprises one or more point-to-point connections between said source node, any intervening nodes, and 
said destination node. 

18. The method as recited in claim 17, further comprising: 
30 detecting a failure in said second communication path; and 

resending said communication from said source node to said destination node using a third communication path 
which is independent from said first and said second communication paths, wherein said third 
communication path comprises one or more point-to-point connections between said source node, any 
intervening nodes, and said destination node. 

35. 

19. The method as recited in claim 18, further comprising: 
detecting a failure in said third communication path; and 

resending said communication from said source node to said destination node using a fourth co mmuni cation path 
which is independent from said first, said second and said third communication paths, wherein said fourth 
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communicatioa path comprises one or more point-to-point connections between said source node, any 
intervening nodes, and said destination node. 

20. The method as recited in claim 17 further comprising said destination node interfacing to a plurality of 
mass storage devices. 

21. The method as recited in claim 17 further comprising said source node interfacing to a plurality of mass 
storage devices. 
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H - Host Interface or Line Card 
S - Mass Storage (e.g. Disk Drive) 
M - Memory (e.g. Storage Cache) 
C - Controller,. (e.g. RAID Controller) 
R - Router Node 
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